Abstract--Chemical analysis by X-ray fluorescence (XRF) and calculated structural formulae of clay-size fractions of smectites from Cretaceous bentonites and illitic clays from Cretaceous, Devonian, and Ordovician bentonites and Jurassic and Permian sandstones indicate the nature and extent of various types of ionic substitution. The determination of tetrahedral (A1, Si) and octahedral (A1, Mg, Fe) composition shows the variable chemistry of these materials. Structural formulae of the illitic clays show that they have tetrahedral charges between 0.4 and 0.8 per half unit cell, and can be divided into phengitic types having octahedral charges of 0.2-0.4 and muscovitic types having octahedral charges <0.2. Evaluation of the formulae in the light of X-ray powder diffraction (XRD) and transmission electron microscopy (TEM) data shows that the occupancy of non-exchangeable interlayer sites (predominantly K) varies from 47% to 90% of that of ideal muscovite. In some minerals as muqh as 20% of these sites is occupied by ammonium ions (determined independently). The amount of surface silicate charge balanced by nonexchangeable cations versus that balanced by exchangeable cations has been examined in conjunction with TEM data and suggests that in most samples the charges are about equal. The octahedral composition of smectites in Cretaceous bentonites precludes their having served'as transformation precursors for most of the Cretaceous illitic bentonites. The results suggest that these ilfitic clays originated by neoformation.
INTRODUCTION
Clay mica, sericite, hydrous mica, and illite are terms that have been used in the literature to refer to claysize phyllosilicate minerals which are common in soils, sediments, and hydrothermal alteration products. The chemistry and mineralogy of these clays have been widely examined and discussed (Hower and Mowatt, 1966; Weaver and Pollard, 1973; Brown et al., 1978; Srodofl and Eberl, 1984) . Although these materials have mica-like characteristics, they differ from muscovite in chemical composition (higher Si and Mg, lower A1 and K) and in geologic occurrence, which led Grim et al. (1937) to propose the name illite as "... a general term for clay constituents.., belonging to the mica group."
Many materials formerly identified as illites have since been shown to contain expandable layers by X-ray powder diffraction (XRD) and are now referred to as interstratified (or mixed-layered) clays, termed illite/ smectite (I/S), illite/montmorillonite (I/M), or mica/ smectite (M/S). These clays have usually been examined by XRD as oriented, sedimented aggregates that have been solvated with ethylene glycol, thereby expanding the interlayer space of the smectite layers (Figure 1) . Calculations based on one-dimensional models of the intensities of the 001 reflections have enabled the layer and type of layer sequence, whether random or regular, to be specified (Reynolds and Hower, 1970; Reynolds, 1980; Srodofi, 1980) . The chemistry of illitic clays is no less complicated than their structure. Thus, ionic substitution of AP + Copyright 9 1986, The Clay Minerals Society for Si 4+ in the tetrahedral sheet and of Mg 2+ for AP + in the octahedral sheet may vary signifcantly, as may the resulting net negative layer charge. Illitic clays are usually dioctahedral and have a half-unit-cell formula of:
(K+E+)x+y(A13+ 2 yMg2+y)(Si4 xAlx)Olo(OH)2, where K § refers to non-exchangeable monovalent cations (predominantly K) and E § refers to exchangeable monovalent cations (or equivalent divalent cations). Interlayer water (n H20) is also present. This formula (modified from Brindley, 1980 ) is similar to that of dioctahedral smectite and necessarily assumes compositional homogeniety of the 2:1 silicate layers. On this basis, the 4 tetrahedral cations are balanced by 8 oxygens, the 2 octahedral cations by 2 oxygens and 2 hydroxyls, and the non-exchangeable + exchangeable cations, by the net negative layer charge resulting from ionic substitution of AP + for Si 4+ (referred to as AI TM) in the tetrahedral sheet (x), and Mg 2+ for AP + (referred to as A1 vx) in the octahedral sheet (y). An additional complication may be the presence of iron in the octahedral sheet and its oxidation state, which is usually Fe 3+ in smectites, but which may also be Fe 2+, particularly in more illitic clays. The net negative layer charge (x + y) varies from about 0.3 to 0.6 for most smectites and from about 0.5 to 0.9 for most illitic clays.
Interstratified I/S clays in sediments and sedimentary rocks commonly show an increase in their illite content with increasing depth (or inferred depth) of burial (see, e.g., Perry and Hower, 1970; Dunoyer de Segonzac, 1970) and/or proximity to igneous intrusions (see, e.g., Nadeau and Reynolds, 1981) . Based on these observations and in combination with chemical and XRD data, a layer-to-layer transformation hypothesis was proposed by Hower et al. (1976) in which illite layers form from smectite layers within a fixed layer sequence. This proposed mechanism involves an increase in the net layer charge by a corresponding increase in AP v (and concomitant decrease in Si4+). The net layer charge may also increase by reduction of octahedral Fe 3+ to Fe 2+ (Eslinger et aL, 1979) . Once the net layer charge is sufficiently large, K + is selectively incorporated into the interlayer space, collapsing the smectite layer to form an illite layer. The reaction by this mechanism is:
smectite + AP + + K + ~ illite + quartz.
A refinement of this model was proposed by Srodofl et al. (1986) .
Recently, a new model was proposed for interstratified clay minerals (Nadeau et al., 1984a (Nadeau et al., , 1984b (Nadeau et al., , 1985a which views diagenetic illitic clays as populations of thin phyllosilicate particles. In this model (called the interparticle model), the layer sequence is not fixed within interstratified crystallites. An elementary smectite particle, according to this model, is a single 2:1 silicate layer 1 nm thick (1 nm = 10 ~,), and an isolated illite layer is regarded as an elementary illite particle, consisting of two, 2:1 silicate layers coordinated by a single plane of K +, having a particle thickness of about 2 nm (Figure 1 ). More extensive illite layer sequences are viewed as thicker illite particles, consisting of n 2:1 silicate layers coordinated by n -1 planes of K +, giving a total thickness of about n nm, where n = 3, 4, 5, etc. (Figure 1) . Thus, the interparticle model views the layer arrangement as a sequence of particles within aggregates, the particle interfaces accounting for the smectite-like adsorption of exchangeable cations, water, and/or organic molecules.
Using the interparticle model, a neoformation hypothesis has been proposed (Nadean et al., 1984a (Nadean et al., , 1984b (Nadean et al., , 1985a ) that rationalizes the increases in the proportion of illite layers and the changes in the layer sequences observed in illitic clays during diagenesis. Randomly interstratified I/S layer sequences (<50% illite layers) are thus aggregates consisting of a random sequence of elementary smectite particles and diagenetic elementary illite particles (Nadeau et al., 1984a) . As diagenesis proceeds, smectite particles become unstable and dissolve, and the resulting particle population consists primarily of illite particles 2-5 nm thick. Such particle sequences as examined by XRD have been described as regularly interstratified I/S containing > 50% illite layers. The mean illite particle thickness increases during later stages ofdiagenesis, and this increase is perceived by XRD as an increasing number of illite layers. When the mean particle thickness is sufficient (> 5 nm) so that XRD no longer detects any expandable layers, the clay is identified as illite sensu stricto (as defined by Srodofl and Eberl, 1984) . The neoformation hypothesis also has implications for the treatment of these materials by chemical activity diagrams (see, e.g., Garrels, 1984) . Randomly interstratified I/S is a mixture of two phases, whereas regularly interstratified I/S (> 50% illite layers) is a single phase.
The interparticle model and related neoformation hypothesis, therefore, have important chemical implications regarding the mechanism of diagenetic illite formation. The present study attempts to evaluate this model/hypothesis by characterization of the chemical composition of related smectites and illitic clays. Here, 12 Cretaceous smectitic bentonites and 7 Cretaceous illitic bentonites were analyzed by X-ray fluorescence (XRF), and supporting evidence was obtained by XRD and TEM. The smectites are considered to be representative of the clay material in the Cretaceous ben- Mineralogy by X-ray powder diffraction of ethylene-glycol-solvated sedimented aggregates using the method of Reynolds (1980) . Mean particle thickness (Tm) in nanometers (1 nm = 10 •) from transmission electron microscopy using the method of Nadeau (1985) .
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tonites prior to their diagenetic conversion to illitic clays. Also analyzed were two filamentous diagenetic illitic clays from sandstones, which were precipitated from pore waters (Wilson and Pittman, 1977; McHardy et al., 1982) , three illitic bentonites from Paleozoic carbonate sequences, and a synthetic interstratified clay.
MATERIALS AND METHODS
Relevant details for the 25 samples investigated are listed in Table 1 . Bentonite sample designations end with B, samples RAN and ROT are from Jurassic and Permian sandstones, respectively. All of the smectites and 7 of the illitic clays (C1B to LPB, Table 1) are Cretaceous in age, sample TGB is Devonian, and samples SFB and KAB are Ordovician in age.
The clays were Na-satumted using three washes of 1 M NaC1 (once overnight) and washed free of C1-by centrifugation and/or dialysis. The clay suspensions were size fractionated (<0.I #m to <2 ~zm, Tables 2  and 3 ) and characterized by XRD. The methods of Reynolds (1980) were used to interpret the XRD data ofethylene-glycot-solvated sedimented aggregates (Table 1). The samples were then Ca-and/or Sr-saturated and were analyzed by X-ray fluorescence (XRF) after ignition at 1000oc. The samples were fused according to the method of Hutton and Elliott (1980) if sufficient material was available (substituting LiNO3 for NaNO3 to enable Na to be determined) or according to the method of Norrish and Hutton (1969) . The Ka lines were measured on a Philips PW 1540 spectrometer equipped with a Cr tube (and a Ti filter for the determination of Mn) using pulse-height discriminator settings appropriate to each analytical line. Corrections for background and inter-element effects followed the method of Norrish and Hutton (1969) .
Infrared spectroscopy was used to detect structural ammonium ions and to determine semiquantitatively the amounts of silica (quartz, cristobalite/tridymite) and kaolinite present (J. D. Russell, Macaulay Institute for Soil Research, Aberdeen, Scotland, United Kingdom, personal communication). Mrssbauer spectroscopy was also used to determine the presence of goetbite and hematite as well as ferric and ferrous iron in the silicate minerals. Structural ammonium was determined as nitrogen using pyrolysis-gas chromatography. A further correction had to be made for samples shown to contain structural ammonium, which is lost on ignition at 1000~
Quantitative TEM methods (Nadeau, 1985) were
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Figure 2. Nature of negative charge for illitic and smectite clays illustrated on the muscovite-pyrophyllite-celadonite compositional diagram. Note differences in octahedral charge of the Cretaceous smectites (0.2-0.4) and low octahedral charge (<0.2) of most Cretaceous illitic clays.
used to characterize the <0.1-um fraction of most of the illitic clays (<0.2-/~m fraction for samples DIB, RAN, TGB, and ROT). The mean particle thickness (Tin , Table 1 ) was determined from 30-55 observations per sample. These finer fractions were also characterized by XRD, if the size fraction for chemical analysis was coarser than that examined by TEM, to ensure that they were virtually the same mineralogically.
RESULTS AND INTERPRETATION
The chemical analyses of the illitic and smectitic samples are shown in Tables 2 and 3 , respectively. Structural formulae were calculated (e.g., Gast, 1977) on a half-cell basis consisting of 22 negative charges (i.e., O~o(OH)z), after the analyses were corrected for minor amounts of impurities (Tables 2 and 3 ) where appropriate. It should be noted that the arguments presented here would still be applicable even if these corrections had not been made.
Perhaps the greatest "error" occurred when the analysis was used to calculate a structural formula assuming a single dioctahedral phase, particularly for material identified by XRD as randomly interstratified I/S. According to the interparticle model, this material consists of elementary smectite and illite particles whose chemistry may differ. Such samples were not analyzed. Furthermore, smectites may vary in the degree of ionic substitution in different size fractions (see, e.g., Nadeau et al., 1985b) or may contain small amounts of nonexchangeable K (Table 3) which might indicate the presence of trace amounts of illitic clay not detected by XRD.
Ionic substitution
The chemistry of illites is commonly represented on a muscovite-pyrophyllite-celadonite composition diagram as determined by the structural formulae. These data for the illitic clays show negative tetrahedral charges between 0.4 and 0.8 (Figure 2 ). Ordovician and Devonian bentonites TGB, KAB, and SFB, Cretaceous bentonites N2B, and Permian sandstone clay ROT plot in a region similar to the published values of illitic clays (see, e.g., Hower and Mowatt, 1966) . These clays have octahedral charges between 0.2 and 0.4 and are thus phengitic in character. The remainder of the Cretaceous bentonites and Jurassic sandstone clay RAN have low octahedral negative charges (<0.12); some samples even have slightly positive octahedral charges (Table 2 ). For plotting purposes in Figure 2 , this value was deducted from the tetrahedral charges of clays with positive octahedral charges so that the total net negative charge value shown is correct. Such chemical compositions of illitic clays are not unusual, inasmuch as the chemical data for several Cretaceous illitic bentonites from Montana (Eslinger et al., 1979) show similar characteristics. Such clays are muscovitic in character in that they derive most of their total layer charge from A1TM. The Cretaceous smectites plot in a region of moderate to high overall charge, having octahedral charges of 0.2 to 0.4 and tetrahedral charges of 0.1 to 0.13. The octahedral cation compositions of the Cretaceous smectites and illitic clays differ significantly in their A1 w and Mg v~ contents (Figure 3 ).
Non-exchangeable cation content
A central question about the chemistry of illites is their low K content. Muscovites commonly contain about 10 wt. % K20 , yet illitic clays usually contain only 4-9% K20. The interstratification model accounts for this difference in part by variation in the proportion ofillite layers. For example, a clay containing 80% illite layers would contain no more than 80% of the K20 content of muscovite. Even after this correction, illite layers still have less K than ideal muscovite. This relationship may be evaluated by determining a site occupancy value (So) for the samples in Table 2 by calculating the ratio of non-exchangeable cations (per half cell) to the number of sites available from the proportion of illite layers as determined by XRD. The interparticle model, alternatively, determines the number of available sites by using the mean particle thickness from TEM data (Tm in nm, Table 1 ) and calculating the ratio of planes of K + ions to silicate layers by the expression (Tm -1)/Tm. Appreciating the necessarily crude nature of this evaluation and that the TEM data for samples ROT, RAN, and TGB are from finer fractions (<0.2 ~m) than those on which the chemical analyses were made, the results are shown in Figure 4 . An important feature of the data is that TEM consis- tently predicts So values (mean = 0.76) greater than XRD (mean = 0.66). One explanation for this discrepancy is that XRD overestimates the proportion of illite layers. Nevertheless, So values are highly variable and significantly less than unity (i.e., the value for ideal muscovite). Clays with unusually low So values are samples C1B, C2B, and SMS.
For some samples, another factor that might be responsible for low K20 contents is ionic substitution of NH4 § for K + in the plane of non-exchangeable cations (Higashi, 1978; Cooper and Abedin, 1981; Cooper and Evans, 1983; Sterne et aL, 1982) . Analyses by IR of bulk untreated material were also performed to ensure that the NH4 + was not an artifact of laboratory contamination (Farmer, 1974) . Most clays contain <0.07 NH4 + per half cell, but sample TGB contains 0.14 NH4 + per half cell. In sample TGB, NH4 + comprises 20% of the total non-exchangeable cations. (Partly for this reason, the synthetic NH4-mica smectite was included in this as a reference.) Even so, nitrogen as nonexchangeable NH4 § has been included in the analyses in Figure 4 , so this factor alone cannot explain the lessthan-ideal So values.
Layer charge
The interstratification model implies that the layer charge is asymmetrically disposed across the 2:1 silicate layer. Smectite layers have a charge of 0.3-0.6 and 1.0, balanced by non-exchangeable cations. Therefore, if a clay is described as a regularly interstratified M/S (mica/smectite), it must be regarded as an alternating sequence of high-charge mica and low-charge smectite layers. Brown (1984) presented such a conceptual model for interstratified clays. As noted above, low So values indicate that an interstratified M/S model is not necessarily applicable on an absolute basis to all illitic clays because So values are significantly less than one. Furthermore, for illitic clays with So <0.6, charge asymmetry does not necessarily exist across the silicate layers in an I/S layer sequence. The asymmetric layer charge model, however, can be evaluated on a relative basis for the illitic clays by comparing the ratio of nonexchangeable to exchangeable cations (K+/E +) to the ratio ofillite to smectite layers (I:S) as calculated from the XRD data. The assumption is that the charges on the illite and smectite layers are balanced by non-exchangeable and exchangeable cations, respectively.
On the basis of the XRD data ( Figure 5a ) the asymmetric layer charge predicts that the data should fall consistently below the line of equal charge (equivalence line). Clearly, no such relationship exists. One explanation for this result is that XRD overestimates the proportion ofillite layers, as suggested above. For highly illitic clays such an analysis suffers from a similar limitation of the XRD data. A clay identified as containing 100% illite layers by XRD (e.g., sample ROT) still has an exchangeable cation (E § content of 0.1/ half cell, corresponding to a cation-exchange capacity (CEC) of 25 meq/100 g. For this sample, the XRD ratio would be infinity, but was taken as 19 for plotting purposes, assuming an XRD accuracy of _+ 5% ( Figure   5a ). Other workers have stated that the CEC of such clays was attributable to non-basal exchange (i.e., edge exchange, Hower and Mowatt, 1966) . Quantitative TEM data for sample ROT show that the basal surfaces make up 95% of the total specific surface area of 86 m2/g (Nadeau, 1985) . Thus, the basal surfaces are probably responsible for most of the CEC of this material. The mean particle thickness data (Tm, TaMe 1), therefore, do not suffer from this limitation and predict the ratio of silicate surfaces with the non-exchangeable cations to those with the exchangeable cations by the expression (Tin -1). Using these data (Figure 5b) , most of the samples plot reasonably close to the equivalence line, suggesting that for these samples the charges across the silicate layers are about equal. Three of the samples, however, fall significantly below the equivalence line, and silicate layer-charge asymmetry may be required to explain the nature of such clays.
DISCUSSION
In general, diagenetic illitic clays in sandstones, such as samples RAN and ROT, are thought to be neoformed materials resulting from the dissolution of K-feldspar and/or kaolinite, whereas illitic clays in bentonites are thought to have been transformed from smectite, the enclosing sediments providing the external source ofK (Altaner et al., 1984) . The analyses of the illites from Cretaceous bentonites show that the illitic clays have higher A1 vI and lower Mg w than the "parent" smectites, a feature that is difficult to reconcile with the smectites being transformation precursors of the illitic clays. The transformation hypothesis as defined by Hower et al. (1976) predicts that the silicate layer charge increases as a result of AP+-forSi 4+ tetrahedral substitution. In Figure 2 , this hypothesis requires that smectites move towards higher layer charge primarily along lines of iso-octahedral charge, or increasing octahedral charge where iron is reduced. Although Cretaceous sample N2B might meet this requirement, the six other Cretaceous illitic clays do not. The data suggest that these clays did not inherit the chemistry of smectite precursors. They are more likely, therefore, to be the products of neoformation. This is not to say that the illitic clays with octahedral charges of 0.2--0.3 are the products of transformation. Sandstone sample ROT has an octahedral charge of 0.27, but such an illitic clay is considered to be neoformed (Wilson and Pittman, 1977) . The chemical evidence alone, however, is consistent with both hypotheses. Furthermore, release of Mg and Fe during the diagenetic conversion ofsmectite to illite, as noted by Boles and Franks (19 7 9) , is also consistent with the proposed dissolution of smectite particles.
The chemical data, therefore, suggest that illitic clays in bentonites, like those in sandstones, are neoformed diagenetic products whose chemistry is a consequence of the chemical and physical environment in which they precipitated from solution. This environment is determined by the nature of the sediment, the porefluid chemistry, and the thermal and/or burial history. For example, samples from North American Paleozoic carbonate sequences (TGB, KAB, SFB) have octahedral charges of 0.2-0.4, whereas all but one of the Cretaceous bentonites have octahedral charges <0.15 (Figure 2) . Similarly, So values of the Paleozoic bentonites are generally higher than those of the Cretaceous bentonites, and the lowest So values are for two bentonites from contact metamorphic environments (C 1 B, C2B) whose thermal histories are presumably very different from the other bentonites (i.e., they were subjected to higher temperatures for shorter periods of time). Furthermore, the extent ofNH4 +-for-K + substitution may be indicative of the amount, type, and degree of thermal alteration of organic matter within the host sedimentary sequences. Thus, the higher Si and Mg and lower K and A1 contents of illitic clays relative to ideal muscovite should be related to the chemical and physical diagenetic conditions prevailing at the time of their crystallization. These conditions are almost certainly very different from those of muscovites formed in ig-neous and high-grade metamorphic rocks. The variable chemistry of illitic clays may reflect the wide variety of diagenetic environments in which they form. Further research is required, however, to understand better such possible relationships.
A consequence of this limited study is that the expandable layers of many illitic clays is due to 2:1 silicate layers whose charges are significantly greater than 0.6, i.e., charges usually found for vermiculite layers. The distinction between smectite-like and vermiculite-like behavior using a layer charge boundary of 0.6 may not necessarily be appropriate for diagenetic illitic clays. Thus, it may be preferable to refer to these layers simply as "expandable," without specifying a particular mineralogy or layer charge.
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
The chemistry of many illitic clays cannot readily be reconciled with an origin via a layer-by-layer transformation from precursor smectite. A diagenetic neoformation mechanism is favored for the origin of these clays whereby they precipitated from aqueous solution. The chemistry of these materials may reflect in part the nature of the chemical and physical diagenetic environment in which they formed as influenced by the host sediments, pore fluids, and thermal and/or burial history. Future research should attempt to establish relationships between such environments and the extent of ionic NH4 +-for-K +, A13+-for-Si 4+ and Mg 2+-for-A13+ substitution, as well as the presence and oxidation state of iron in illitic clays. Furthermore, experimental and theoretical research should attempt to establish the effects of these chemical parameters on the thermodynamic stability as well as the kinetic growth/dissolution rates by which these phyllosilicate minerals achieve, or attempt to achieve, equilibrium.
